Introduction
Despite a century of research, fertilization remains one of the least understood fundamental biological processes (1) . Chemical communication between sperm and egg is critical in sexual reproduction, yet the contribution of soluble egg factors is still unclear. Sperm activation and chemotaxis have been demonstrated in marine broadcast spawners, as well as in terrestrial animals (including humans) with internal fertilization (2) (3) (4) (5) (6) . Chemically-mediated behavior thus is a key component of sperm-egg dynamics, in environments ranging from the turbulent ocean to the relatively benign mammalian reproductive tract.
Olfactory receptor proteins (ORs) 1 , classical G-protein coupled receptors (GPCRs), comprise the largest gene family in the human genome (7) . They are usually, but not always, expressed in the ciliary compartments of nasal olfactory sensory neurons, and are coupled to complex signal transduction pathways. Activation of these pathways leads to stimulation of mAC III and finally an increase in intracellular Ca 2+ and Na + concentrations inducing membrane depolarization (8) .
Interestingly, several ORs are expressed predominantly or exclusively in human sperm cells (9) (10) (11) . We recently reported chemotaxis by human sperm in response to floral scents (e.g. bourgeonal). The Ca 2+ influx mediated by bourgeonal binding to an identified receptor protein (hOR17-4) modified flagellar beating, thus directing cell motility (12) . Unresolved, however, is the mechanistic basis for the transduction events that lead from odor signals to swimming responses.
In sperm, hOR17-4-mediated changes in both intracellular Ca 2+ and swimming behavior appear to depend on a cAMP regulated pathway (12) . However, the identities and properties of the AC(s) involved in mammalian, especially human, spermatozoa are still debated. All nine mAC isoforms identified in somatic mammalian cells convert the cellular energy carrier ATP into the second messenger cAMP using a specific adenosine binding site (P-site) at the enzyme's heterodimeric active centre. Alternatively, an unconventional soluble adenylate cyclase (sAC), identified in sperm of some mammals (13) , shows a decidedly divergent catalytic domain (14) .
Thus, there is evidence for both a G-protein-activated mAC(s) in mouse sperm (15, 16, 17) , and an exclusive or predominant role of sAC in spermatozoa of other mammals (13, 18, 19) . This bicarbonate and Ca 2+ -activated sAC is structurally related to prokaryotic cyclases, but is insensitive to G-proteins or P-site ligands.
The goal of this study was to determine the molecular mechanisms that couple OR activation to changes in human sperm swimming behavior. Specifically, we analyzed the expression, spatial distribution, and an involvement in cellular and behavioral function of distinct signaling proteins (hOR17-4, G-proteins, mACs). These studies indicate that, similar to nasal sensory neurons, activation of mAC(s) plays a key role in sperm OR-dependent signaling processes. Specifically, our results implicate mAC(s), rather than sAC, as a molecular link between OR activation and sperm behaviors such as chemotaxis (directed movement with respect to a chemical gradient), swimming (elevated speed), and asymmetric flagellar beating (hyperactivation).
Experimental Procedures
Sperm Preparation -Human sperm were freshly obtained from young healthy donors. For Ca 2+ imaging, acrosome reaction assays, and immunocytochemistry a Percoll density gradient centrifugation was performed after liquefaction (30 min at 35.5° C) to isolate mature and motile sperm (20) . In brief, liquefied semen was overlaid on a two-layer Percoll (Amersham, Freiburg, Germany) density gradient consisting of 80% and 55% isotonic Percoll in Ham's F-10 medium (Invitrogen, Karlsruhe, Germany). After 40 min centrifugation at 500 g at room temperature (RT) the pellet was collected, washed in standard Ringer solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM Hepes, 10 mM glucose), and again centrifuged for 15 min.
For MudPIT protein expression analysis pooled human semen samples were snap-frozen by quenching in lN 2 and stored at -70 o C until required. 50ml pooled ejaculate was thawed on ice and all subsequent steps were performed at 4 o C unless otherwise stated. Spermatozoa were enriched as described above and resuspended in standard Ringer's solution with protease inhibitors (Roche Complete ® protease inhibitor cocktail). Cells were lysed by homogenisation (Ultraturax; 1200 U/min for 1 min) and subsequent sonification for 10 s at 40 W (Sonifier B12, Branson Sonic Power Company). Cell debris and nuclei were removed by centrifugation (1000 g; 10 min), the pellet was discarded and the supernatant was centrifuged for 2h at 100.000 g. The resultant membrane pellet was solubilized using 1 % (w/v) L-α-lysophosphatidylcholine (Sigma, Deisenhofen, Germany); protein concentration was determined by the Bradford microassay (Bio-Rad).
For bioassays frozen sperm of healthy donors was obtained from California Cryobank (Los Angeles, CA, USA) and prepared according to World Health Organization guidelines (21) . Each sperm suspension was brought to 37º C and adjusted to 10 6 cells / ml in bioassay chamber wells (see "Sperm Motility Analysis").
Expression analysis via Multidimensional Protein Identification Technology (MudPIT)
SDS-PAGE and In-Gel Digestion -A sample aliquot (100 ¼g) in Laemmli buffer (30 % glycerol, 3 % SDS, 125 mM Tris / Cl pH 6.8) was resolved by 8 % SDS / PAGE. Coomassie stained bands were excised, pooled and washed thrice in 100 mM NH 4 HCO 3 (pH 8.5) in 50 % acetonitrile (ACN) for 20 min. Colourless gel pieces were washed in 100 % ACN for 10 min and dried by vacuum centrifugation for 15 min at RT. Gel pieces were reduced with 20 mM dithiothreitol (DTT) in 100 mM NH 4 HCO 3 , 5 % acetonitrile for 1 hr at 55° C, washed (100 mM NH 4 HCO 3 for 10 min), dehydrated (100 % ACN 20 min) and alkylated (100 mM iodoacetamide / 100 mM NH 4 HCO 3 for 30 min (dark / RT). After further washing, dehydration and drying the pieces were rehydrated in digestion buffer (40 mM AmBic / 9 % ACN containing proteomics grade trypsin (Sigma) at an enzyme : substrate ratio of 1 : 50) and incubated overnight at 37 o C. Peptides were extracted using 1 % trifluoroacetic acid (TFA) in 50 % acetonitrile for 20 min. The gel pieces were vortexed for 5 min before recovering the supernatant. The extracted peptides were concentrated by vacuum centrifugation and subjected to LC / LC / MS / MS. Single Cell Ca 2+ -Imaging -Cell density was photometrically adjusted to an extinction of E 260nm = 0.035. Sperm were incubated (45 min / 35.5° C) in loading buffer (pH 7.4) containing Ringer solution and 7.5 µM fura-2-AM (Molecular Probes), and 0.1% Pluronic F-127 (Sigma).
LC/LC/MS/MS
Next, sperm was centrifuged at 500 g for 15 min and the pellet was resuspended in fura-2 free buffer solution. 100 µl mature motile fura-2-AM-loaded spermatozoa were transferred to Concanavalin A (Sigma) coated 35 mm dishes (30 min at 35.5° C).
Ca 2+ imaging was performed using a Zeiss inverted microscope equipped for ratiometric imaging (24) . Ca 2+ images were acquired from up to 15 spermatozoa in a randomly selected field of view, and integrated fluorescence ratios (f 340 /f 380 ratio) were measured separating the sperm head and midpiece. Exposure to bourgeonal (Quest Int., Naarden, NL) and/or the watersoluble mAC inhibitor SQ22536 (Calbiochem, San Diego, USA) was accomplished using a specialized microcapillary application system (24) . Only spermatozoa with their heads and midpiece attached and their tails beating were included in the analysis. Images were digitized at 30 frames / s and processed using a CAVMA system (Motion Analysis Corp. model VP320) interfaced with a Sun SPARC2 computer workstation (12) . To avoid parallax, we discarded short paths (< 10 frames) in which apparent sperm size changed more than 20%. All other paths were included in analyses. Swimming speed of each individual sperm was determined on a frame-by-frame basis, and averaged over each path. The angle of sperm 
Results

Expression of hOR17-4, stimulatory G-proteins, and mAC(s)
-Initially, we asked whether potential signaling proteins that could link sperm OR activation to cAMP-mediated behavioral changes, such as mAC isoforms and stimulatory G-protein alpha subunits, are expressed in human sperm cells. As mature mammalian spermatozoa have stopped protein synthesis (27) , this analysis cannot be performed at the mRNA level (e.g. by RT-PCR or in-situ hybridization).
Therefore, we decided to introduce a state-of-the-art "shotgun"-proteomics approach (MudPIT) to the analysis of sperm protein content which is based on two-dimensional liquid chromatography and mass spectroscopy (22) .
Sperm membrane proteins were separated using one-dimensional gels and subjected to tryptic digestion. All peptide MS/MS spectra were searched using the SEQUEST search citeria allowing for variable modification of methionine (+16 Da) and cysteine (+57 Da). Spectra were assigned as good hits according to Wolters et al (28) with all good candidates being manually evaluated.
Among approximately 100 different membrane proteins detected, this approach identified a set of candidate molecules (Table 1) including all nine mammalian mAC isoforms and the "olfactory-specific" stimulatory G olf α-subunit (29) . Furthermore, MudPIT analysis confirms expression of hOR17-4 in human sperm. Thus, several components necessary for G-proteincoupled cAMP generation are present in human spermatozoa.
Signaling components show distinct spatial distribution -Given an OR-mediated signaling pathway, we next determined the spatial distribution of the "olfactory-specific" G olf and mAC III as well as the prominent mAC VIII isoforms. Isolated human spermatozoa were immunostained with anti-mAC III, anti-mAC VIII and anti-G olf antibodies to examine the (sub-) cellular distributions of the proteins. Spermatozoa were clearly labeled by all of these antibodies (Fig 1, left panel) , whereas control samples labeled with the same secondary antibodies alone lacked any significant staining (Fig 1, right panel) . Interestingly, localization of mAC isoforms differed between different compartments: mAC VIII was strongly localized to the sperm tail, whereas little or no staining was observed on the head and on the midpiece (Fig 1b) .
By contrast, mAC III localization differed from cell to cell; some spermatozoa showed a relatively uniform distribution of the protein on the head, although in varying intensities (Fig 1a, arrows). Other cells showed a ring-like staining around the head (Fig 1a, arrowhead) , which we suspect reflects the equatorial segment. We next investigated the dependency of these localization differences on the acrosome status of the cells and found that strong uniform staining only occurs in acrosome reacted-cells (Fig 2a) . In agreement with previous reports (4), only 6.36 ± 1.57 % of more than 2500 sperm cells investigated (5 donors, 15 different samples) are found spontaneously acrosome-reacted and this ratio is not significantly changed by 10 min incubation with bourgeonal (50 ¼M) and / or the water-soluble P-site inhibitor of mAC function SQ22536 (3 mM) (Fig 2b) . Most spermatozoa show a relatively strong middle piece staining with antibodies against mAC III, and the staining of the tail in most cases was relatively faint (Fig 1b) .
G olf labeling was observed throughout the tail as well as in the middle piece of the spermatozoa (Fig 1c) . Thus, both G olf and mAC III/VIII are localized to the sperm midpiece and/or tail where flagellar beating is initiated. (Fig 3) .
In 85 % of all cells individually tested (17 / 21) the initial response to bourgeonal was observed in the midpiece region. With a mean latency of 2.15 ± 1.2 s Ca 2+ increases were detectable in the sperm head. While the overall response waveform was comparable in both compartments, absolute signals were considerably stronger and more persistent in the head region (38.8 ± 8.7 s) than in the midpiece (26.95 ± 3.8 s). Under Ca 2+ -free extracellular conditions no signals were detected, in either the head or the midpiece (data not shown).
In summery, these data are consistent with the spatial distribution of potential signaling components shown in our immunolabeling experiments.
Odorant-induced Ca 2+ signaling in human sperm is mediated via mAC activation -Having identified several molecules of a potential OR-coupled cAMP signaling system in human sperm cells, we next assessed whether these molecules are used for odorant-induced signaling in response to OR activation. We were particularly interested in the question whether a soluble or a particulate AC is involved in this response. All of the nine mAC isoforms cloned thus far are affected by P-site inhibitors (30), whereas sAC is not inhibited by this class of pharmacological agents (16) . It is therefore possible to distinguish between mACs and sACs by using a specific P-site adenylate cyclase antagonist, SQ22536, which selectively blocks mAC but not sAC isoforms.
Fura-2 loaded sperm samples were tested for hOR17-4 activation by bourgeonal (500 µM) in the absence or presence of SQ22536 at various concentrations. Stimulation with bourgeonal alone induced robust dose-dependent Ca 2+ increases in all human sperm samples tested (n = 17), whereas pure mechanical stimulation was without effect. The average bourgeonal signal was 26 % (50 µM) or 54 % (500 µM) of the Ca 2+ response caused by progesterone (30 µM; Fig 4a) , an important component of human follicular fluid that is known to induce sperm acrosome reaction via indirect opening of different membrane Ca 2+ channels (31) . This progesteroneinduced control signal was unaffected by 90 s preincubation with 3 mM SQ22536 (n = 10; Fig   4a) suggesting no crucial role of mAC in sperm progesterone signaling cascades. In sharp contrast, preincubation with SQ22536 inhibited bourgeonal responses in a dose-dependent manner (Fig 4b) . The dose that produced a half-maximal response (IC 50 ) was ~2 mM. Although considerably lower (~300 µM), inhibition of mammalian sperm enzymes commonly requires increased dosage of pharmacological agents (33) . We also investigated the effect of mAC inhibition on individual spermatozoa in single cell Ca 2+ imaging experiments (Fig 4c) ; In 71 % (17 / 24) of all bourgeonal-sensitive cells (3 s application; 50 µM) 3 mM SQ22536 considerably reduced responses and 10 mM SQ22536 completely blocked bourgeonal signaling. Furthermore, we noted that SQ22536 preincubation (10 mM), in most spermatozoa, produced a slow but reversible decrease in the resting intracellular Ca 2+ concentration (Fig 4c) . This indicates some tonic (basal) activity of mAC at rest, in the absence of receptor stimulation. In contrast to particulate AC, the unconventional sAC isoform in sperm has been reported to function as a bicarbonate sensor (13, 14) increasing cytosolic cAMP in response to millimolar bicarbonate concentrations (EC 50 ~ 25 mM). In another set of single cell Ca 2+ imaging recordings we specifically activated sAC by applying short (3 s) pulses of bicarbonate (100 mM; Fig 4d) . In 169 cells investigated, the resulting Ca 2+ responses showed no sign of inhibition by SQ22536 (3 mM). The average Ca 2+ response amplitude in presence of SQ22536 was 105 % compared to the initial bicarbonate response (data not shown), demonstrating that sAC is not targeted by this pharmacological agent even at high doses. Given the lack of effects of 3 mM SQ22536 on progesterone-and bicarbonate-induced Ca 2+ responses, our data strongly indicate the specific inhibition of mAC(s) via SQ22536. Taken together, the above findings suggest a key role for mAC(s) in sperm hOR17-4 signaling.
Sperm behavioral responses to bourgeonal require mAC function -Human sperm express
marked behavioral responses to bourgeonal. At concentrations of >10 -7 M, cells accumulate at significantly higher numbers in microcapillary tubes that present bourgeonal in an ascending, as opposed to a uniform or descending concentration gradient (12) . Moreover, human sperm exhibit chemotaxis, orienting strongly within an ascending gradient. Here, microcapillary bioassays were combined with computer-assisted video motion analysis (CAVMA) to determine effects of mAC-signaling on bourgeonal-stimulated behavior. Sperm swimming velocities and trajectories were quantified in a series of assays, where microcapillaries of either human tubal fluid (HTF) (control medium), or bourgeonal (known stimulant) were added to cells incubated in either HTF or the adenylate cyclase inhibitor, SQ22536. Gamete response to an ascending gradient of 10 -7 M bourgeonal was as expected: swim speeds, directed movements, rates of flagellar beating, and cell densities in capillaries increased relative to the HTF control (Figs. 5 and 6 ). Sperm, swimming towards the microcapillary tip, sensed an increasing gradient, beat their flagella symmetrically, and arrived at the terminus without redirection (Fig 6) . Alternatively, sperm initially swimming away from the capillary abruptly turned, via an asymmetrical flagellar beat, to reorient towards the tip (Fig 7) . Sperm were thus also hyperactivated by bourgeonal, and ultimately navigated along an ascending gradient via chemotaxis.
In contrast, when 10 -7 M bourgeonal capillaries were placed in 5 or 10 mM SQ22536 incubations, sperm behavior was indistinguishable from that in the HTF control (Figs. 5 and 6 ).
Moreover, in the absence of bourgeonal, SQ22536 had no measurable effect on gamete movements. Thus, inhibition of bourgeonal-induced hyperactivation and navigation was specifically and unequivocally associated with SQ22536.
Discussion
The present study provides several lines of evidence for the physiological significance of mAC signaling in navigating human sperm. These findings give new insights into the initial steps that transduce chemodetection into ordered changes in swimming behavior.
Previously, evidence for hOR17-4 expression in sperm was limited to functional assays (12) , primarily due to the lack of reliable antibodies against human odorant receptors. Here, we overcame this limitation by introducing MudPIT analysis to the investigation of sperm proteins.
Our results confirm hOR17-4 expression, thereby contributing important new evidence for the receptor's role in human sperm behavior.
In addition to hOR17-4, a set of stimulatory G-proteins, the mAC VIII isoform -not all of which have yet been linked to OR activation in vivo -and the "olfactory-specific" G α olf and mAC III proteins (29, 34) were also identified in human sperm cells. In the central nervous system the highest expression of mAC III is exhibited in the olfactory neuroepithelium, whereas the important site of mAC VIII expression is the hypothalamus (35) . G α olf has the capacity to stimulate both mAC III and mAC VIII (36, 37) , whereas both enzymes are unaffected by G α i or G β γ (38) . Increased Ca 2+ concentration has the opposite effects on mAC isoforms III and VIII.
While Ca 2+ / Calmodulin complexes stimulate mAC VIII (39), CaM kinase II activity is reported to inhibit mAC III (40) . In mouse germ cells and spermatozoa mAC III and / or mAC VIII expression has also been reported (18, 41, 42) . While mice deficient in either mAC VIII or G α olf are fertile but rarely surviving (43, 44) , homozygous matings of mAC III K.O. mice were unproductive although they showed normal mounting and anogenital sniffing behaviors (45) . This spatiotemporal response character reflects putative localization of hOR17-4 on the midpiece, the mitochondria-rich structure of the flagellum that provides the energy required for extensive beating (46) . Localization of ORs on the midpiece has also been reported for dog sperm (11) . For human spermatozoa, we additionally demonstrate partial co-localization of G ±olf and mAC III by immunocytochemistry, favoring their potential participation in OR-mediated signal transduction. Moreover, spatial distribution of mAC III in the sperm head appears dependent on the acrosome status of the cell, showing restricted localization to the presumable equatorial segment in non-acrosome-reacted sperm. While treatment of sperm with bourgeonal and / or SQ22536 does not significantly change the proportion of acrosome-reacted cells, thus suggesting no relevance of the hOR17-4 signaling pathway in the initiation of the acrosome reaction, the role of mAC III in this essential sperm behavior will be subject to future investigation. In sperm, as well as in somatic cells, cellular signaling is spatially restricted via molecular anchors, scaffolds, or adaptor proteins (47) . However, coincidental co-localization in contrast to specific organization in transducisomes cannot be excluded. Technical limitations currently preclude recording Ca 2+ signals in beating flagella (see Materials and Methods). Accordingly, we cannot assess potential Ca 2+ signals in the sperm tail, the major site of mAC VIII expression. As tail expression of hOR17-4 cannot be excluded and since mAC VIII as well as G α olf are co-localized along the whole flagellum, potential OR-mediated signaling in distal tail regions requires further study.
It remains unclear whether the midpiece Ca 2+ increase diffuses slowly into the head region or if cAMP acts as a diffusing vector that gates Ca 2+ channels preferentially located in the head (48) .
Moreover, it remains to be determined whether the more persistent Ca 2+ signal in the head results from lower Ca 2+ extrusion capacity and / or phosphodiesterase activity and if this timecourse serves a specific physiological function.
Sperm Ca 2+ responses to bourgeonal, directed movement of sperm along an ascending bourgeonal gradient and enhanced swimming speed are completely abolished by pharmacological inhibition of mAC(s) with SQ22536, a substituted adenine derivative that forms a dead-end complex with activated mAC(s) by occupying the enzyme's P-site (49, 50) . Due to its unrelated structure sperm sAC lacks sensitivity to P-site ligands (50), thus SQ22536 allows for a functional dissociation of particulate and soluble AC activity. Given the high effective concentrations of water-soluble SQ22536 in our assays, potential non-specific effects of this drug are of particular concern. However, neither progesterone-induced Ca 2+ responses nor presumably sAC-mediated Ca 2+ signaling (bicarbonate stimulation) are affected by SQ22536.
These controls aim to exclude non-specific effects on general sperm Ca 2+ signaling pathways proposed pathway is remarkably similar to olfactory signal transduction. In this regard, it will be interesting to determine if cAMP directly opens Ca 2+ -permeable ion channels in the sperm membrane (e.g. CatSper, CNG, or TRPC2 channels (53, 54, 55, 56, 57, 58, 59) ) or acts as an activator of downstream signaling components (e.g. protein kinase A (60)). Disclosing the identity of the Ca 2+ entry channel that completes the hOR17-4-activated cascade will be a major goal of coming research.
Based on this new study, hOR17-4 and co-localized mACs could become important targets for future pharmacological treatment in infertility or contraception. To determine if cell movement within a chemical gradient was significant (P), we used Rayleigh's test, comparing each mean direction against a uniform circular distribution. (One-way ANOVA using arsine transformed data, followed by a Scheffe test: * P < 0.05). 
